Starch synthase (ADPglucose: 1,4 D glucan 4 D glucosyltransferase, EC 2.4.1.21) catalyzes the transfer of D glucose from ADPglucose to the non reducing end of an 1,4 glucan and is responsible for the elongation of amylose and amylopectin chains during the biosynthesis of starch. 1 4) Higher plants have multiple starch synthase isozymes, which are divided into five classes (GBSSI, SSI, SSII, SSIII and SSIV) based on their amino acid sequences. 2, 3) In kidney bean (Phaseolus vulgaris L.), several cDNA clones for starch synthases have been isolated from developing seeds and leaves. 5, 6) The importance of this enzyme activity in starch metabolism is readily seen in genetic mutants defective in this enzyme activity such as the waxy genes of cereals 7 9) and lam 10) and rug5 11) genes of pea. The waxy and lam mutants are deficient in the activity of granule bound starch synthase I and therefore have no amylose in the storage starches. In the rug5 mutants eliminating starch synthase II activity, embryos accumulate abnormal amylopectin that alters the branching pattern with a decreased amount of intermediate sized glucans and an increased amount of very short chain glucans. In addition to the analyses of these genetic mutants, the characteristics of each SS isozyme have revealed that GBSSI isozymes exclusively contribute to the synthesis of amylose, whereas the other SS isozymes play a crucial role in the synthesis of amylopectin.
D glucose from ADPglucose to the non reducing end of an 1,4 glucan and is responsible for the elongation of amylose and amylopectin chains during the biosynthesis of starch. 1 4) Higher plants have multiple starch synthase isozymes, which are divided into five classes (GBSSI, SSI, SSII, SSIII and SSIV) based on their amino acid sequences. 2, 3) In kidney bean (Phaseolus vulgaris L.), several cDNA clones for starch synthases have been isolated from developing seeds and leaves. 5, 6) The importance of this enzyme activity in starch metabolism is readily seen in genetic mutants defective in this enzyme activity such as the waxy genes of cereals 7 9) and lam 10) and rug5 11) genes of pea. The waxy and lam mutants are deficient in the activity of granule bound starch synthase I and therefore have no amylose in the storage starches. In the rug5 mutants eliminating starch synthase II activity, embryos accumulate abnormal amylopectin that alters the branching pattern with a decreased amount of intermediate sized glucans and an increased amount of very short chain glucans. In addition to the analyses of these genetic mutants, the characteristics of each SS isozyme have revealed that GBSSI isozymes exclusively contribute to the synthesis of amylose, whereas the other SS isozymes play a crucial role in the synthesis of amylopectin.
We have already isolated a cDNA (designated pvss21) for SSII (PvSSII 1) of kidney bean plants (the manuscript is in preparation). The deduced amino acid sequence of PvSSII 1 showed the highest identity (67%) to that of pea SSII among plant SSII members. However, unlike the pea SSII isozyme that is observed as a major SS isozyme in embryos, 12) the pvss21 transcripts and PvSSII 1 proteins occurred predominantly in leaves. Based on this observation, we suspected the existence of a second SSII isozyme whose transcript and protein would accumulate in kidney bean seeds. Here we describe the isolation of a cDNA clone (designated pvss22) for a novel SSII (PvSSII 2) localized in kidney bean seeds. We also show the occurrence of at least three forms of the PvSSII 2 with different N terminal regions in starch granule fractions of seeds. Although cereals such as maize and rice plants have multiple SSII isozymes, 2, 3) this is the first report of a plural SSII isozymes in dicot plants.
MATERIALS AND METHODS

Materials.
Kidney bean (Phaseolus vulgaris L. cv Toramame) plants were grown in the field at Hokkaido University. Developing seeds at several stages, mature seeds, and leaves were harvested and stored in liquid nitrogen. 5, 6) Total RNA was prepared as described previ-ously. 5) The oligonucleotides used in this study are listed in Table 1 and the locations are shown in Fig. 1 . cDNA isolation. RT PCR was performed with an RNA PCR Kit (AMV) Ver. 2.1 (TAKARA BIO). The first strand cDNA mixture was synthesized from total RNA of developing seeds at the late stage with the oligo dT adaptor primer and reverse transcriptase. To amplify cDNA fragments for starch synthases, the first strand cDNA mixture was subjected to PCR with the two degenerated primers (ss rt1 and ss rt2). The amplified fragments were subcloned into pT7Blue T vector (Novagen) and several clones were sequenced on both strands. Based on the sequences, information on the full length cDNA clones for a novel SSII isozyme was obtained by the combination of 5 and 3 RACE as described previously. 6) 3 RACE was performed with the primers ss22 3race and M13M4, and the first strand cDNA mixture as a template. 5 RACE was done using total RNA from large sized developing seeds with a 5 RACE System for Rapid Amplification of cDNA Ends kit (Invitrogen). The first strand synthesis was primed with the specific primer (ss22 5race1). For amplification of target cDNAs, the first round PCR was performed with the AAP and ss22 5race1 primers and a second round PCR was done with the AUAP and the nested specific primer (ss22 5race2). The DNA fragments amplified by 3 and 5 RACE were subcloned into pT7Blue T vector, and then sequenced on both strands. Finally, based on the sequence information for the full length cDNA, the DNA fragment including the whole coding region was amplified by RT PCR with the specific primers (ss22 up and ss22 dw). The amplified fragment was cloned into pBluescript SK( ) to construct pBS SS22 plasmids and sequenced again on both strands.
RNA blot analysis. Total RNA was subjected to RNA blot analysis as described previously.
5) The probe was prepared with 1.85 MBq of 32 P dCTP and the PCR amplified fragment between ss22 up and ss22 rna primers using a BcaBest TM Labeling kit (TAKARA BIO). A membrane after hybridization and detection was stained with methylene blue as described previously.
5)
Preparation of recombinant protein and antiserum. For expression of rPvSSII 2 in E. coli cells, PCR was performed to modify the N terminus and to add a hexahistidine tag at the C terminus, using the ss22 nde1 and the ss22 sal1 primers. The amplified fragment was subcloned into pBluescript (SK ) and sequenced to verify that no error had occurred. The NdeI Sal I fragment was prepared from the plasmid and then cloned into the NdeI XhoI sites of pET 23a (Novagen) to construct pET pvSS22 plasmid. The production of recombinant protein from the E. coli cells harboring pET pvSS22 was the same as that described in a previous report. 5) To prepare antiserum against rPvSSII 2, the precipitate containing inclusion bodies was washed with 0.5% Triton X 100 thrice and dissolved in a minimum volume of 8 M urea. The denatured proteins were dialyzed against 2 M urea and used as an antigen. Antiserum was raised in a rabbit as described previously. 13) Immunoblot analysis. Starch granules were extracted from developing and mature seeds of kidney bean as described by Hamada et al. 13, 14) The starch granule fraction was prepared as described by Ba ga et al. 15) Immunoblot analysis with the antiserum against rPvSSII 2 was performed as described previously.
13)
Protein analysis. Protein concentration was determined by the method of Bradford with bovine serum albumin as a standard. 16) SDS PAGE was performed according to the method of Laemmli. 17) Proteins were visualized with Coomassie Brilliant Blue (CBB). The N terminal sequences of rPvSSII 2 and the granule bound proteins were determined with a protein sequencer after the polypeptides had been transferred to a PVDF membrane from SDS PAGE gel.
14)
RESULTS AND DISCUSSION
Isolation of pvss22 cDNA clone. As our previous study had shown that pvss21 transcripts were not detectable in developing kidney bean seeds at the late stage (data not shown), to isolate a cDNA clone for a novel SSII isozyme, PCR was performed with the ss rt1 and ss rt2 primers and the cDNA mixture from the large sized developing seeds. The amplified fragments (about 1.1 kb) were subcloned and several The overlinings with arrowhead indicate the location of each primer used in this study (see also Table 1 ). The residues highlighted with circle, triangle and square denote the determined N termini for PvSSII 2 isoforms, corresponding to the Nos. 2, 3 and 7 polypeptides, respectively, in Fig. 4B. clones were sequenced. Some sequences of these clones showed a significant similarity to, but not identity with the pvss21 cDNA. The sequences of other clones were identical to pvgbss1a cDNA for PvGBSSIa isozyme.
5) The full length cDNA clone isolated by 3 and 5 RACE was designated pvss22. The pvss22 cDNA clone is 2486 bp in length and contains an open reading frame of 2217 bp (Fig. 1) . The protein encoded by pvss22, designated PvSSII 2, corresponded to 738 amino acid residues with a predicted molecular mass of 82 kDa. Phylogenetic analysis of several dicot starch synthases indicated that PvSSII 2 shares more than 58% identity with other SSII members, but shows much lower identity (less than 45%) with members of SSI and GBSSI classes (Fig. 2A) . Base on the sequence comparisons, PvSSII 2 is a member of SSII class.
Although the mature N terminus of PvSSII 2 was not identified hereupon, when the primary sequence of PvSSII 2 was analyzed for a putative signal sequence with the ChloroP network program, 18) the protein was predicted to contain a plastid targeting sequence with a cleavage site between Lys 57 and Ala 58. The deduced amino acid sequence of PvSSII 2 was compared to those of other dicot SSII isozymes by the ClustalW program (Fig. 2B) . The predicted mature PvSSII 2 protein sequence showed identity with those of pea SSII (PsSSII; 68%), cassava SSII (MeSSII; 64%), PvSSII 1 (63%), Arabidopsis SSII (AtSSII; 59%), and potato SSII (StSSII; 58%). Previous studies have speculated that the N terminal domains of SSII isozymes from pea and potato, which have three consecutive proline residues at their C terminal ends, are flexible and might have a role for regulation of the enzyme activity or be involved in the binding to starch granules. 12, 19) A similar hypothesis was reported for pea starch branching enzymes. 20) As shown in Fig. 2B , the N terminal regions containing the triple proline residues had a low identity among dicot SSII members. In contrast, the remaining regions showed much higher identity (about 80%). Probably, these regions that correspond to mature GBSSI proteins are responsible for the catalytic activity. Although the precise role of the N terminal domain remains unclear, the sequence diversity in N terminal regions might represent differences in each enzymatic property except the catalytic activity.
Gene expression profiles.
RNA gel blot analysis was performed with total RNA extracted from small , middle and large sized developing seeds, mature seeds, and leaves (Fig. 3) . In seeds, the pvss22 transcripts attained their maximum levels at the middle to late stages, but were at very low levels at the early and mature stages. The dominant accumulation of pvss22 transcripts in the middle and large sized developing seeds could explain why the amounts of starch per fresh weight of seeds increase markedly at the mid to late stages of seed development of kidney bean. 13) A slight amount of transcript in leaves was detected. Unlike the pvss21 transcripts, the pvss22 transcripts accumulated predominantly in developing seeds, indicating that both SSII proteins have a distinct role for starch biosynthesis of kidney bean. The accumulation profile of the pvss22 transcripts was close to that of pvsbe2 transcripts for kidney bean starch branching enzyme isozyme (PvSBE2). 13) These observations suggest that PvSSII 2 mainly participates in the biosynthesis of storage starch together with PvSBE2.
Production of recombinant PvSSII-2 protein.
In this study, we attempted to prepare the recombinant enzyme (rPvSSII 2) in order to elucidate the enzymatic properties of PvSSII 2. However, in the soluble fraction prepared from the recombinant bacteria, very low SS activity was detected and it was indistinguishable from the activity of endogenous glycogen synthase. In contrast, a major polypeptide with the molecular mass of about 90 kDa was found in the insoluble fraction (Fig. 4A) . The major polypeptide band was transferred to a PVDF membrane and subjected to protein sequencing. The resulting N terminal amino acid sequence was identical with that predicted for the N terminus of the product encoded by pvss22. These results indicate that rPvSSII 2 protein is produced into inclusion bodies of E. coli cells under the conditions in this study. The molecular mass (77 kDa) predicted from the pvss22 sequence was significantly smaller than that estimated on SDS PAGE. A similar situation has been also observed in SS and SBE proteins from pea and kidney bean. 12, 19, 20) It has been suggested that the high net negative charges of their N terminal domains causes an abnormal electrophoretic behavior on SDS PAGE. Considering that the N terminal region of PvSSII 2 contains the large number of aspartate and glutamate residues, the electrophoretic behavior is likely to be inconsistent with its actual molecular mass for the same reason.
Because sufficient rPvSSII 2 protein was present in the insoluble fraction for preparation of antiserum, proteins containing the inactive rPvSSII 2 were extracted from the fraction using Triton X 100 and urea and then used as antigens.
Accumulation of PvSSII-2 proteins.
Starch synthases, which contribute to the extension of amylopectin chains, occur as both soluble and granule bound forms. 1 4) To identify native PvSSII 2 proteins in seeds or leaves, immunoblot analyses with antiserum against polypeptides from inclusion bodies were done for soluble and starch granule associated proteins from developing and mature seeds, and leaves. No signal for PvSSII 2 protein was detected in any soluble fraction from seeds or leaves (data not shown). Probably this is due to the low amounts in soluble fractions below the detection limit by the antiserum. This assumption may be supported by the fact that the large proportions of maize SSI and pea SSII exist as a granule associated form. 21, 22) The antibody recognized at least 7 polypeptides in the starch granule fractions from developing and mature seeds, but not leaves (Fig. 4B) .
To identify the polypeptides reacting with the antiserum, several granule protein bands were subjected to amino acid sequencing. The sequences for polypeptides with Nos. 5 and 6 (Fig. 4B) could not be analyzed, because of their low abundances. The Nos. 1 4 and 7 polypeptide bands were transferred to PVDF membranes (A) A phylogenetic tree constructed from the alignment of several dicot starch synthases using the ClustalW program. The sequences were obtained from the GenBank EMBL DDBJ databases: PvSSI, PvSSII 1, PvSSII 2, PvGBSSIa and PvGBSSIb (Phaseolus vulgaris; AB126832, AB126833, AB 127938, AB029546 and AB110011); PsSSII, PsGBSSIa and PsGBSSIb (Pisum sativum; X88790, X88789 and AJ345045); MeSSII and MeGBSSI (Manihot esculenta; AF173900 and X74160); StSSI, StSSII and StGBSSI (Solanum tuberosum; Y10416, X87988 and X58453); AtSSI, AtSSII and AtGBSSI (Arabidopsis thaliana; AY128273, AY054467 and AY149948); AmGBSSI (Antirrhinum majus; AJ006293). (B) An alignment of the amino acid sequences of dicot SSII members. Amino acid residues identical to PvSSII 2 are indicated as white letters on a black background. Multiple sequence alignments were determined using the ClustalW program. Asterisks show the three consecutive proline residues at the C terminal end of N terminal regions.
(A) (B) and subjected to protein sequencing. The sequences for Nos. 1 and 4 polypeptides were unable to be determined. The N terminal sequences for polypeptides with Nos. 2, 3 and 7 were ALGKGXXMXE, AIDSQIN, and RYETI-AXD, respectively. These sequences were found in the deduced amino acid sequence of PvSSII 2 (Fig. 1) . The No. 2 sequence aligned with the primary sequence beginning at residue position 58, and was identical to the predicted N terminus as expected. The Nos. 3 and 7 protein sequences corresponded to the primary sequences beginning at residue positions 103 and 186, respectively. The isoforms with Nos. 2, 3 and 7 were designated PvSSII 2a, 2b and 2c, respectively. The molecular masses of PvSSII 2a, 2b and 2c were calculated from the primary sequence to be approx. 76, 71 and 62 kDa, respectively. The normal migration of PvSSII 2c protein on SDS PAGE (Fig. 4B) supports the hypothesis that the abnormal electrophoretic behavior of PvSSII 2a is due to the high negative N terminal region. These results indicate that a single gene encodes at least the three PvSSII 2 isoforms. Edwards et al. showed that in pea embryos two SSII isoforms of 77 and 60 kDa are the same gene products. 23) Although the functional significance of these multiple SSII isoforms is unknown, the diversity of SSII isoforms might be generated by a common process in pea and kidney bean.
PvSSII 2a, 2b and 2c proteins were associated with starch granules at similar proportions during seed development (Fig. 4B) , suggesting that the levels of these polypeptides per fresh weight of seeds enhance as the starch contents increase during seed development.
13) However, the level of pvss22 transcript at the mature stage did not correspond to the amounts of proteins accumulated in starch granules, compared with the other developing stages (Figs. 3 and 4B) . To explain this discrepancy, it is necessary to determine the amounts of PvSSII 2 isoforms in soluble fractions during seed development. Possibly, the transcript levels may reflect the protein amounts in soluble fractions.
Toward a better understanding of plant starch biosynthesis, our major problems to be solved about PvSSII 2 isozyme are focused on (1) detection of native PvSSII 2 isoforms in soluble fractions, (2) the preparation of each recombinant PvSSII 2 isoform and exploration of differences in enzymatic properties among the isoforms, and (3) the elucidation of the mechanism that generates the di versity of PvSSII 2 isoforms. These are currently underway. We have previously shown that two starch branching enzyme isoforms of kidney bean seeds are produced by alternative splicing from a single gene and maybe also by a post transcriptional modification.
14) The gene expression profile is very similar to that of the pvss22 gene. Hence, a common process might regulate the generation of the multiple forms of the starch branching enzyme and PvSSII 2. 
